Abstract: The purpose of this study was to determine the fracture load and failure types of veneered zirconia crowns that were air-abraded on either the veneering or cementation surface. Fracture loads were determined before and after chewing simulation. Standardized Y-TZP frameworks (n = 360) for canines were fabricated and divided into one control group (n = 72) and 12 test groups (n = 24). The test groups were air-abraded using alumina powder (10 s, 2 bar, distance: 10 mm) with particle size of 50 m resp. 110 m and veneered with one of the veneering ceramics: Triceram, Zirox, or VITA VM9. The crowns were cemented on their corresponding CoCr abutment. The initial fracture load was measured in one half of each group (n = 12), and the other half (n = 12) was subjected to chewing cycling. The data were analyzed using three-way and one-way ANOVA, a post-hoc Scheffé test, two sample Student's t-test, and Weibull statistics (p < 0.05). Thus, nonaged, air-abraded groups of two veneering ceramics (Triceram, VITA VM9) showed higher mean fracture load compared to control groups. After chewing simulation, air-abraded groups showed lower mean fracture load compared to control groups. Aging decreased the Weibull modulus of all tested groups, and air-abraded groups showed lower Weibull moduli compared to control groups. 
Abstract:
The purpose of this study was to determine the fracture load and failure types of veneered zirconia crowns that were air-abraded on either the veneering or cementation surface. Fracture loads were determined before and after chewing simulation. Standardized Y-TZP frameworks (N=360) for canines were fabricated.
Seventy-two non-conditioned frameworks acted as control. The remaining frameworks (n=288) were randomly divided into four groups (n=72) and air-abraded using alumina powder for 10 s at a pressure of 2 bar and a distance of 10 mm with one of the following procedures: i) cementation surface of zirconia crown with particle size of 50 µm, ii) cementation surface of zirconia crown with particle size of 110 µm, iii) veneering surface of zirconia crown with particle size of 50 µm and iv) veneering surface of zirconia crown with particle size of 110 µm. Each group was then randomly divided into three subgroups (n=24) and veneered with one of the veneering ceramic:
Triceram, Zirox or VITA VM9. The crowns were cemented on their corresponding CoCr abutment. The initial fracture load was measured in one half of each group (n=12) and the other half (n=12) was subjected to chewing cycling (1.2 Mio, 49 N, 5°C/50°C). The data were analysed using 3-way and 1-way ANOVA, followed by a post-hoc Scheffé test, two sample Student's t-test and Weibull statistics (p<0.05).
Among non-aged groups, air-abraded zirconia crowns (110 µm) either on the cementation or veneering surface, subsequently veneered using Triceram The purpose of this study was to determine the fracture load and failure types of veneered zirconia crowns that were air-abraded on either the veneering or cementation surface. Fracture loads were determined before and after chewing simulation. Standardized Y-TZP frameworks (N=360) for canines were fabricated and divided into 1 control group (n=72) and 12 test groups (n=24). The test groups were air-abraded using alumina powder (10s, 2 bar, distance: 10 mm) with particle size of 50 µm resp. 110 µm and veneered with one of the veneering ceramics: Triceram, Zirox or VITA VM9. The crowns were cemented on their corresponding CoCr abutment. The initial fracture load was measured in one half of each group (n=12) and the other half (n=12) was subjected to chewing cycling. The data were analysed using 3-way and 1-way ANOVA, a post-hoc Scheffé test, two sample Student's t-test and Weibull statistics (p<0.05). Thus, non-aged, air-abraded groups of two veneering ceramics (Triceram, VITA VM9) showed higher mean fracture load compared to control groups. After chewing simulation, air-abraded groups showed lower mean fracture load compared to control groups. Aging decreased the Weibull modulus of all tested groups and air-abraded groups showed lower Weibull moduli compared to control groups.
Keywords: veneered ceramic, zirconia, all-ceramic, air-abrasion, fracture load, failure types, chewing simulation INTRODUCTION Y-TZP frameworks could be processed due to the advances in dental CAD/CAM technology. Thus, all ceramic fixed dental prostheses (FDP) are feasible, since high flexural strength and fracture toughness of Y-TZP allows application of framework materials for the posterior region.
1, 2 The excellent mechanical properties are due to the finer grain size and the tetragonal-monoclinic transformation toughening mechanism of the zirconia, which leads to higher compressive stresses in the material and results in reduced crack propagation. [3] [4] [5] Limited number of clinical studies reported seldom zirconia framework fractures but more often chipping of the veneering ceramic. [6] [7] [8] [9] [10] In-vitro studies reported, that bonding between veneering ceramics and zirconia might be based on chemical bonds. [11] [12] [13] According to previous studies, whether the zirconia surface is air-abraded or polished did not affect bond strength. [11] [12] [13] Failure of the veneer in these studies occurred close to the zirconia/veneer interface with residual veneering ceramic remaining on the zirconia. 11, 12 However, air-abrasion also causes a phase transition of zirconia from the tetragonal to the monoclinic crystal structure, 14, 15 which might thereby probably affect the bond quality. Therefore, the effect of air-abrasion on the mechanical strength of Y-TZP and the bond quality to veneering ceramics is currently controversially discussed. 14, 16, 17 In contrast to bond strength of veneering ceramic to zirconia, many studies reported lower bond strength values of untreated zirconia to resin cements. 18 Studies reported that the long-term durability of the resin bond to zirconia is indispensable for many applications and can be obtained with various methods when using airabrasion. [18] [19] [20] [21] [22] [23] [24] [25] Furthermore the bond strength may depend on other parameters as well, such as the strength of the chemical bonds, the mechanical interlocking, the type and concentration of defects at the interface and wetting properties of the adhesives and the resin cements. 26-28 ……..Air-abrasion of the zirconia surface is expected to increase the bond quality between resin cement and zirconia. [18] [19] [20] [21] [22] 25 Air-abrasion with alumina powder is commonly used to clean the surface and achieve both micro-retentive topography and increased surface area. 29 It results in a highly activated surface that can be shown by the increased wettability of the material. 29 Therefore, many manufacturers recommend air-abrasion of zirconia frameworks before veneering process.
The stability of the complete system, consisting of the Y-TZP framework and the veneering ceramic, is of clinical importance and can be tested with the Vosstest. 30 In this test, the anatomy of the crowns is not excluded and can therefore represent the clinical conditions better compared to standard tests where geometrical specimens with standard dimensions are used. The restoration is cemented on the metal abutments and force is applied to the crowns simulating the antagonist load.
The Voss-test was originally developed to test the fracture load of metal-ceramic FDPs 30 but it is also being applied for zirconia FDPs.
2, 31-33
Since available studies show very diverse conclusions about air-abrasion, 11-13, 18-25 the aim of this study was to determine the fracture load and failure types of veneered zirconia crowns that were air-abraded on either the veneering or cementation surface. Fracture loads were determined before and after chewing simulation. The tested hypothesis was whether cementation and veneering surface air-abraded and subsequently veneered zirconia crowns show similar fracture load compared to control groups before and after aging.
MATERIALS AND METHODS

Specimens preparation
A standard metal abutment 33 Table 1) . Veneering ceramic for dentin was applied using a silicone key to achieve standardized shape and size of the layered veneers. In a second firing, dentin was added to compensate for the shrinkage of the sintering process. Prior to the second firing, the slurry was condensed into the mould using a vibrator for 2 s at 50 Hz (Elektro Vibrator Porex, Renfert, Hilzingen, Germany). The veneered crowns were cemented with glass ionomer cement (KetacCem, 3M ESPE, Seefeld, Germany) to their corresponding CoCr abutment analog according to the manufacturer's instruction.
Specimens aging
The initial fracture load was measured in one half of each group (n=12) and the other half (n=12) was subjected to chewing cycling (custom made device at the University of Zurich). The crowns were mechanically loaded with 49 N for 1.2 million times at the frequency of 1.7 Hz. Simultaneous thermocycling was applied by changing the surrounding water temperature from 5°C to 50°C every 120 s. In total, the temperature changed 6.000 times during the occlusal loading. 34 Flat polished composite antagonists (Tetric EvoCeram, Ivoclar Vivadent, Schaan, Liechtenstein)
were used.
Fracture load measurement
To measure fracture load the specimens were loaded in a Universal Testing Machine
(1 mm/min; Zwick/Roell Z010, Zwick, Ulm, Germany). The load was induced with a flat jig on the palatal surface of the incisal edge at an angle of 45 degrees to the long axis of the tooth. 32, 33 To achieve even force distribution, a 0.5 mm tin foil (Dentaurum, Ispringen, Germany) was placed between the incisal edge and the loading jig. The fracture load was registered as soon as the fracture load decreased by 10% of the maximum load (Fmax).
Failure types analysis
The failure types were observed by two operators under an optical microscope (M3M, Wild, Heerbrugg, Switzerland) (x25) and categorized as follows: a) chipping of the veneering ceramic or b) fracture of the veneering ceramic together with total fracture of the framework.
For the qualitative characterisation of the air-abraded surface, the specimens were evaluated under scanning electron microscopy (SEM) (Carl Zeiss Supra 50 VP FESEM, Carl Zeiss, Oberkochen, Germany). Specimens were gold sputtered and SEM was operated at 5 kV and with a working distance of 6.5-7.0 mm.
Statistical analysis
The fracture load data were analyzed with 3-way and 1-way ANOVA, followed by a post hoc Scheffé test, and two sample Student´s t-test based on the assumption of normal data distribution. In addition, the parameters of the Weibull distribution 
RESULTS
Descriptive statistics (mean, SD, 95% CI) of the measured fracture load of each airabraded group is presented in Table II . The veneering ceramic (p=0.001), airabrasion (p<0.001) and aging (p<0.001) had a significant effect on the fracture load results. The interaction terms were also significant (p<0.001).
Impact of veneering ceramic
Within the groups that were air-abraded (110 µm) on the cementation surface, Vita VM9 showed a statistically higher initial fracture load compared to Zirox (p=0.043).
No further statistical differences were found between the veneering ceramic within the conditioning and within the aging levels (p=0.054-0.947) ( Table II) .
Impact of air-abrasion of cementation surface before and after aging
Within veneering ceramic Triceram, air-abraded (110 µm) crowns showed higher initial fracture load compared to control group (p=0.034). Among the veneering ceramic Vita VM9, air-abraded groups (50 µm and 110 µm) presented higher initial fracture load than the control group (p<0.001). No impact of air-abrasion on the initial fracture load was observed for Zirox groups (p=0.137) (Table II, Fig. 1 ).
Within veneering ceramic Triceram, after chewing simulation the groups airabraded on the cementation surface with 110 µm showed significantly lower fracture load than the control group and the groups air-abraded with 50 µm (p=0.001). No impact of air-abrasion was found for Zirox and Vita VM9 after chewing simulation (p=0.169-0.37) (Table II, Fig. 2 ).
Impact of air-abrasion of veneering surface before and after aging
Within veneering ceramics Triceram (p=0.017) and VITA VM9 (p=0.042), air-abraded (110 µm) veneering surface showed significantly higher results compared to control group. In groups veneered with Zirox no differences were found (p=0.227) (Table II , Fig. 1 ).
After chewing simulation, all air-abraded groups with 110 µm showed significantly lower fracture load compared to control groups with the same veneering ceramic (p<0.001 -p=0.022). Additionally, Triceram decreased mean fracture load after air-abrasion with 50 µm alumina powder (p=0.001) ( Table II, Fig. 2 ).
Impact of air-abrasion side (cementation surface vs. veneering surface)
Within the non-aged groups no statistically differences were observed when airabrasion was performed either on the cementation or veneering surface (p>0.05). In aged Zirox crowns, veneering surface air-abraded (110 µm) showed significantly lower facture load than those air-abraded (110 µm) on the cementation surface crowns (p=0.004). All other groups presented no significant impact of air-abrasion surface (veneering or cementation) on the fracture load results (p>0.05).
Impact of aging
The mean fracture load of control groups within each veneering ceramic showed no significant influence of aging (p>0.05). Among Triceram (p=0.001-0.017) and VITA VM9 (p=0.001-0.022) air-abraded (50 µm and 110 µm) groups, the fracture load significantly decreased after chewing simulation. Air-abraded (110 µm) and aged Zirox groups showed significantly lower values compared to non-aged ones (p=0.001-0.003).
Weibull statistics
Non-aged groups (4.5-10.4) showed higher Weibull moduli compared to aged ones (3.8-9.2). For aged control groups (5.8-7.4) higher Weibull moduli was calculated than for air-abraded aged groups (3.8-7.2) (Table III) .
Failure types
In the control group framework total fracture was observed 16.7-50% in non-aged conditions and 33.3-58.3% after aging. 50 µm air-abraded groups showed 25-66.7%
total fracture in non-aged conditions and 50-100% after aging. On the other hand, in non-aged conditions 110 µm air-abraded groups showed 25-66.7% total fracture and after aging 58.3-100% (Table IV) .
Chipping? Qualitative characterization of the air-abraded zirconia surfaces under SEM
The qualitative characterization of the air-abraded zirconia surfaces using alumina powder with a mean particle size of 50 µm and 110 µm for 10 s at a pressure of 2 bar and a distance of 10 mm showed damage on the surface in the form of micro cracks (Fig. 3) .
Oder:
The qualitative characterization of the air-abraded zirconia showed damage on the surface in the form of micro cracks when using alumina powder with a mean particle size of 50 µm and 110 µm for 10 s at a pressure of 2 bar and a distance of 10 mm (Fig 3) .
DISCUSSIONS
This study demonstrated that the initial fracture load of air-abraded and then veneered Y-TZP crowns showed higher values compared to non treated FDPs.
Based on the present results, the null-hypothesis that the air-abrasion of Y-TZP crowns has no impact on fracture load could be rejected. One early study reported that air-abrasion prior to veneering and cementation decrease the fracture strength of zirconia. 36 Resin cement bond strength to zirconia is still not sufficient therefore other pre-treatment methods than air-abrasion such as silanization are necessary in the future.
In this study, the fracture load after chewing simulation showed significantly lower values for air-abraded FDPs compared to non-treated zirconia crowns. In addition, the Weibull moduli after chewing simulation for air-abraded crowns decreased. The SEM picture of air-abraded (50 and 110 µm) Y-TZP surfaces showed damage on the surface in the form of micro cracks supporting one possible reason for decreased fracture load. The air-abrasion process could be responsible for the damage of the zirconia surface, which negatively influences the mechanical properties and reliability of zirconia. 32, 37 These areas of surface flaws act as stress concentration sites and even though their size is microscopic in nature, they act as potential sites for crack initiation and propagation. 38, 39 In this study, the failure analysis for air-abraded groups showed predominantly framework fracture after chewing simulation. The tested specimens were abraded using alumina powder with a mean particle size of 50 or 110 µm for 10 s at a pressure of 2 bar and a distance of 10 mm. Further studies should determine the fracture load of air-abraded zirconia FDPs using other air-abrasion parameters with lower pressure.
In this study, three different veneer ceramics for veneering of zirconia frameworks were used with different glass transition temperature (Tg) (Triceram: 558 °C, Zirox: 576 °C and VITA VM9: 604°C) 40 and different coefficients of thermal expansion (Triceram: 8.7x10 -6 /K, VITA VM9: 9.3x10 -6 /K and Zirox: 9.8x10 -6 /K) 40 tested between 25°C and 500°C. Previous study obtained a correlation between fracture load of veneered zirconia crowns and Tg and coefficients of thermal expansion where no air-abrasion was practiced. 31 In this study no clear correlation between fracture load and glass transition temperature and coefficient of thermal expansion could be found.
The crucial point is the internal tensile stresses in the veneering ceramic affecting the fracture type such as chipping. Tensile stresses could occur through several mechanisms and it is possible that a phase transformation took place during the air-abrasion of zirconia framework, resulting in an additional monoclinical phase.
The coefficient of thermal expansion of monoclinic zirconia (7.5x10 -6 /K) 41 is significantly lower than the one of tetragonal zirconia (10.8x10 -6 /K). 2 The test method used according to Voss induces tensile forces from the outer crown surface until the crown fails and thereby determine fracture load. This facture load represents the internal tensile stresses within the crown after firing as well as the bond and flexural strength of the framework together with the veneering ceramic.
The internal tensile stresses built up in the crown can be influenced by differences in the coefficient of thermal expansion between zirconia framework and veneering ceramic 31 , in the dimension and anatomical support of the crown and the veneering ceramic, in the thickness, 42 and in the glass transition temperature of the veneering ceramic 31 . As a consequence of the applied load in combination with the internal compression, the crown eventually fractures. In clinical studies, fractures of zirconia framework are rarely reported [6] [7] [8] [9] [10] , because the chewing forces in the mouth seem not to exceed their mean fracture load. Failure types observed in this study do not correlate with the clinical failure patterns. In this respect, the results derived from static loading tests can be considered as extreme values that possibly do not occur in the oral environment. Hence, it can be stated that the values obtained in such tests are far above the natural chewing forces.
CONCLUSIONS
Within the limitations of this in-vitro study it can be concluded that:
1. Non-aged, air-abraded groups of two veneering ceramics showed higher mean fracture load compared to control groups.
2. After chewing simulation, air-abraded groups showed lower mean fracture load compared to control groups.
3. Aging decreased the Weibull moduli of all tested groups. Air-abraded groups showed lower Weibull moduli compared to control groups.
4. SEM-images showed damage in the form of micro cracks on the air-abraded zirconia surface. Tables   TABLE I. Ceramic materials µm alumina powder and b) after air-abrasion using 110 µm alumina powder. Tables:   TABLE I 
